Abstract Electromagnetic emission (EME) testing and acoustic emission (AE) testing are applied to investigate the failure of a brittle, dielectric material under mechanical load. A setup for three point flexure tests comprising simultaneous monitoring of EME and AE was used to induce fracture of epoxy resin specimens. The influences of the orientation and the distance of the crack surface on the detectable EME signals are the subjects of investigation. As EME sensor a capacitive sensor was used. Tests with an artificial test source are carried out to characterize the system response of the sensor, the attached amplifier and acquisition cards as well as the included bandpass filters. We propose an EME source based on the surface charge density modelled at the position of the fracture plane. Results of finite element method modelling of the EME source are compared to experimental results and show very good agreement. The experimental results show a clear directional character of the emitted electromagnetic field and a strong dependence of the detected signals amplitude on sourcesensor distance. A significant influence of the measurement chain on the detected electromagnetic signals bandwidth was found. Furthermore it is shown that the electromagnetic signals consist of three contributions originating from different source mechanisms. These are attributed to the separation and 
Introduction
The emission of electromagnetic fields during failure of different materials is a phenomenon which has been under investigation for many decades. The occurrence of this electromagnetic emission (EME) has been shown for almost any material and for various kinds of failure mechanisms [1] [2] [3] [4] [5] [6] [7] [8] [9] . The detection and analysis of EME can help to understand the complex processes of crack formation. This is especially useful when accompanied by other, nondestructive testing (NDT) methods like the examination of crack induced acoustic emission (AE). Many theories about the sources of EME exist. The origins of these emitted fields differ for different materials and failure modes. Even for materials which have been under investigation for decades, the sources of EME are still discussed controversially. A comprehensive review on the lack of consistency of current models and their discrepancy with recent experiments is given by Frid et al. [2] . Some authors attribute the dynamics to the mechanical vibration of the crack surface [1, 3] . In contrast, Frid et al. and Rabinovitch et al. suggest to describe EME in the form of charge surface vibrational waves [2, 4, 10] . Also there are still inconsistencies of the proposed models and experimental results, e.g. regarding the occurrence of EME under shear crack propagation [2, 4, [11] [12] [13] . Furthermore, other sources such as inertial and quadrupole polarizations of a dielectric are discussed as well [14] .
Detecting EME during fracture of materials offers the possibility to monitor the process of crack initiation and crack propagation. According to [8] the detectable signals are a function of the orientation of the crack surfaces relative to the sensor. Furthermore, the signals may contain information about the spatial and temporal characteristics of their sources [2] .
There are different measurement techniques established to detect EME which can be categorized into electric dipole sensors and magnetic dipole sensors [15] . The latter group is applied to measure magnetic fields and comprises inductive sensors such as loops and coils. These may exhibit strong resonances in the frequency region of interest, although attempts were made to improve the frequency characteristics of inductive sensors [16] . Capacitive sensors such as capacitors or antennas are used to measure electric fields. These sensors provide relatively flat characteristics over a wide range of frequencies [17] . A theoretical review of capacitive probes is given by Partridge in [18] . Capacitive probes can be used as electric potential sensors to measure electric fields with no significant perturbation to the field [19] . Capacitive sensors with an attached measurement circuit are a common tool to measure the electromagnetic field generated by fracture of materials [20] .
In brittle materials fracture occurs with little or no plastic deformation. The crack propagation is unstable and typically causes brittle failure. For mode I fracture the dominant x-displacement of the crack surfaces develops perpendicular to the yz-plane of the crack (Fig. 1) . When the crack propagates along the z-axis molecular bonds are breaking and charges appear at the crack surface. This leads to an asymmetric charge separation for a reason that is still not fully understood [12] . It has to be noted that this break of symmetry is questioned by some authors [2, 4, 21] . However, similar effects are known for other dielectric solids [22] . The temporal characteristic of the resulting charge distribution is related to the propagation velocity of the crack tip. Hence, a constant crack velocity would result in a linearly rising charge density. The separated charges then recombine with a relaxation time constant depending on the dielectric properties of the material and on the geometry of the crack. The combination of both effects causes a temporal increase of charges due the process of crack propagation and a subsequent decrease due to charge relaxation. In addition to the generation of charges at the crack tip, the charges present at the crack surfaces will move together with the crack surface as long as they are present.
The formation of cracks and the vibration of the generated crack walls is accompanied by the generation of acoustic waves. This phenomenon is generally referred to as AE. The frequencies of the acoustic waves typically are in the ultrasonic range. The detection and the analysis of the AE signals are a commonly used practice for the investigation of failure in solid materials. Piezoelectric sensors are able to detect amplitudes down to 2.5·10 −14 m [23] and special broadband sensors offer a relatively flat frequency response in the frequency region of interest [24] .
Numerical simulations have proved to be a powerful tool for the calculation of complex physical systems or problems which cannot be solved analytically. By using the appropriate physical equations and by paying attention to the physical content of the simulation, the solution can contribute to a better understanding of the modelled phenomenon. The finite element method (FEM) is a numerical technique which has been shown to be applicable for many physical problems. With this approach it is possible to model e.g. crack growth [25, 26] , AE sources [27] , the propagation of acoustic waves in isotropic and anisotropic materials [28, 29] or even AE sensor signals [30] .
FEM modelling also has been used for decades to solve various electrodynamic problems [31, 32] . But, to the best of the author's knowledge, to this date no numerical simulations about EME generated by fracture were performed.
In this paper a method to analyze the EME signals from fracture in brittle dielectrics is introduced. Experiments with a test source were performed to study the influence of the applied capacitive sensor system and measurement chain on different test signals. An experimental setup was developed to induce fracture to epoxy resin specimens and to detect the occurring electromagnetic and AE signals. The cracks exhibit a defined orientation and provide a reproducible source of EME signals. Therefore, the influence of the source-sensor distance and the angle of orientation between crack surface and capacitive sensor plate can be analyzed. The recorded EME waveforms are compared to the respective AE signals. Moreover, FEM simulations were carried out to study basic characteristics of the emitting source and to quantify the influences of the measurement system on the detected signal. The modelling includes a three-dimensional representation of the experimental situation including the model source, the EME sensor and the characteristics of the measurement electronics. The influence of the electrical circuit is taken into account by a transfer function derived from experimental data.
Experimental

Experimental Setup
In order to characterize our measurement system, we first carried out investigations using an artificial test source. This test source consists of a small antenna of 5 mm length which is coupled to an Agilent 33210A arbitrary waveform generator. The small dimensions of the antenna result in a resonance frequency in the GHz range. Therefore, the radiated power was considered constant for frequencies below 1 MHz. Specific waveforms which resemble the hypothetical temporal characteristics of the electric field as a function of crack growth were generated and emitted by the antenna. Antenna and sensor are positioned next to each other with a distance of 1 mm. Thus sensor plate and test source form a capacitor with a frequency dependent capacitive reactance.
To determine the influence of this reactance and to verify the suitability of this kind of test source, periodic voltage signals were generated with the arbitrary waveform generator within a frequency range of 100 Hz The equivalent circuit for measuring the EME signals of the specimen is similar to the one shown in Fig. 2 . The capacitance of the antenna-sensor system has to be replaced with the capacitance of the sensor alone which was calculated to be C S ≈0.5 pF and the load impedance and resistance of the oscilloscope have to be replaced with the corresponding val- Fig. 2 Frequency response of the antenna-sensor system Fig. 3 Diagram of experimental set-up consisting of universal testing machine, test fixture, electromagnetic shielding and EME and AE sensors with measurement equipment ues of the preamplifier. The input voltage then represents the voltage at the sensor plate. The capacitance of the antennasensor system and the sensor plate are of the same order of magnitude and small when compared to the other capacitances of the circuit. Therefore, the influence of the antenna on the transfer function in Fig. 2 and on the transfer function of the measurement chain used later is considered minimal.
An experimental setup to investigate electromagnetic and acoustic emission generated by fracture of polymer specimens was developed (Fig. 3) . To induce the fracture of single edge notched bend specimens, three point bending tests were performed.
Identical specimens with dimensions shown in Fig. 4 were prepared. Partially cured RTM6 epoxy resin plates of 5 mm thickness were prepared. For this purpose, casting molds made from two component silicon rubber (Elastosil M 4601 A/B) were filled with the viscous resin and then heated for the curing process. For 80 % cross-linked resin plates this process uses curing at 120 • C for 30 min followed by a post- Fig. 4 Schematic diagram of the electromagnetic sensor plates arrangement and RTM6 specimen with parameters cure at 135 • C for 140 min, with heating and cooling rates of 2 K/min [33] . The degree of cross-linking was determined by using differential scanning calorimetry (DSC) [33] . Then, the plates were cut to beams with lengths of 25 mm and widths of b = 5 mm. Notches of 3 mm length and 1 mm width were added leaving a thickness of a = 2mm at the centre of the specimens.
In order to investigate the relation between measured EME signal strengths and relative position of sensor plates and EME source it is advantageous to create a source with a distinct orientation. The fracture surfaces obtained for our notched RTM6 specimen were found to show only a variance in orientation of φ ≤ 5 • .
A bend fixture with a support span of 20 mm and a pin radius of 1.5 mm was used. The whole fixture was created from nonconducting materials. The load pins were made of polyvinyl chloride (PVC) and the rest of the fixture was made of polymethyl methacrylate (PMMA). This was necessary since all conductors influence the field distribution and therefore would decrease the sensitivity of the sensor [34] . Therefore, the fixture exhibits a high compliance with regard to the specimens. This compliance of the fixture alone was measured to be 1.03 µm/N which is 17.5 % of the total compliance during the flexure tests.
A universal testing machine (Zwick ZT 5.0) was used to apply a mechanical load with a constant velocity of 5 mm/min. The load was measured with a 5 kN Xforce HP load cell.
For the detection of the acoustic signals a KRN type "Glaser" sensor with flat frequency response was attached to the fixture above the loading pin (see Fig. 3 ). The AE signal was preamplified by 20 dB using a type 2/4/6 preamplifier without internal bandpass filter. A trigger based acquisition was used with a threshold of 35 dB AE . The signals were recorded using a PCI-2 system (Mistras, software: AEWin) with 10 µs Peak-Definition-Time (PDT), 80 µs HitDefinition-Time (HDT), 300 µs Hit-Lockout-Time (HLT) and a 1 kHz-3 MHz bandpass filter (1 kHz 4th order Butter- The electromagnetic signals were detected using two small copper plates of 6 mm height and 8 mm width forming a capacitor. While one of the plates was grounded the other one was connected to a 2/4/6 preamplifier without internal bandpass filter. The signals were amplified by 40 dB and were also acquired with the PCI-2 system. A 35 dB AE threshold, 50 µs PDT, 1,000 µs HDT, 1,000 µs HLT and the same 1 kHz-3 MHz bandpass filter were used for detection.
Finally the whole setup was shielded against electromagnetic noise and electrically insulated from the universal test machine. The shielding consists of a grounded aluminium box of 3 mm thickness. Such boxes have been shown to provide good shielding effects at low frequencies [35] . No significant influences of seam leakage was observed. Holes cut into the box for the load transmission and cables did not reduce the shielding effectiveness since their dimensions are much smaller than the wavelengths of the electromagnetic field for frequencies below 1 MHz. Thus, the holes operate as wave guides below their cutoff frequencies. Figure 5 shows the averaged frequency spectrum of the electromagnetic noise detected with the capacitive sensor with and without an appropriate shielding. With a grounded shielding box applied, the measured electromagnetic noise could be reduced up to one order in magnitude.
For the modelling of the experiment the dielectric properties of RTM6 were measured using a frequency response Novocontrol alpha-analyzer (frequency range from 1 Hz to 10 MHz), an autobalance bridge Agilent 4980A (20 Hz-2 MHz), and an impedance/material analyzer Agilent E4991A (1 MHz-3 GHz).
Modelling
The experimental setup was modelled using the "Electric Currents" module of the software COMSOL Multiphysics, which is based on the finite element method. With this model, the electric field respectively the electric potential in the vicinity of the setup can be calculated directly. A quasistationary approach was chosen due to the fact that the wavelengths of the occurring electric fields are much larger than the dimensions of the experimental setup, hence the quasistationary conditions (λ d) are satisfied. To enable a comparison of simulated and experimentally obtained electromagnetic signals we use a 3D geometry based on the used experimental setup. Figure 6 shows the model geometry, consisting of the RTM6 specimen (orange), the test fixture made of nonconducting materials (blue), the grounded shielding box and other conducting parts (green) and the EME and AE sensors (red). All boundaries of left capacitor plate, the bolt, the acoustic sensor and the shielding box are grounded in accordance with the experimental setup. Careful geometrical simplifications were made for details of components as screws, sensor holders and the acoustic sensor, which are not expected to considerably influence the calculated electric field.
The corresponding material properties were assigned to the domains that represent the nonconducting parts of the model and to the void space. The dielectric properties of these materials are summarized in Table 1 . All conducting parts were modelled by appropriate boundary conditions. Thus, these parts were considered as ideal conductors. Ground boundary conditions were assigned to all grounded parts, i.e. the shielding box, the acoustic sensor and the bolt on which the fixture is mounted on. The sensor plate was modelled with a floating potential boundary.
The fracture of the specimen or any other mechanical movement was not considered in the present model. As source function a time dependent surface charge located [39, 40] at the hypothetical crack surface and the time dependent generation of the respective electric field is used. The electric potential V is calculated by solving a current conservation problem based on Ohm's law:
where σ is the electrical conductivity and r the relative permittivity of the respective material and 0 is the electric permittivity of free space. Electrically insulated boundaries are simulated by the no-flux condition n · J = 0 while at grounded boundaries the electric potential is set to zero. We assume a zero-potential at the initiation of our simulations, i.e. V(t=0)=0. The floating potential boundary condition which is assigned to the surface of the sensor plate is realized by the equation:
A boundary current source Q j is defined on the internal boundary of the specimen resembling the crack surface of the experiment:
We use quadratic Lagrange elements for the spatial discretization. Based on convergence studies we choose a resolution of the RTM6 specimen with a maximum mesh element scale of 1mm. For the two small copper plates, which form the capacitor for the detection of the electromagnetic signals, a resolution with maximum mesh element size of 4 mm proved sufficient. This resolution was also used for the fixture and the acoustic sensor. The remaining domains, i.e. the air and the shielded and insulated box, are meshed with a maximum element size of 140 mm and with a maximum element growth rate of 1.5. This ensures an adequate resolution in the area between specimen and detector and reduces the degrees of freedom. The time-dependent calculation is done via a Generalized-α-algorithm with a time step size of 5·10 −7 s.
The design of the Comsol model includes all components of the experimental setup, except for the signal processing part of the measurement instrumentation. The signal of interest is obtained by averaging the calculated electric potential over the surface of the sensor plate, which forms one part of the sensing capacitor. Feedback of the attached circuit into the model was considered to be negligible. In order to allow comparison with experimentally obtained signals, the influence of the measurement electronics was included by a transfer function which was derived from the test source experiments:
Here, u W G (t) is the input signal generated by the waveform generator, u MC (t) is the resulting signal measured by the sensor system and F{u i (t)} are the corresponding Fourier transformed signals. Components for frequencies above 100 kHz were cut from the transfer function since they only resemble the electronic noise floor of the system. The influence of the measured sensor characteristic of the EME sensor (Fig. 2) is considered small when compared to the influence of the rest of the measurement chain.
Results and Discussion
Test Source Results
To improve the understanding of the EME acquisition system, we conducted tests using an artificial test sources powered by an arbitrary waveform generator. The basic hypothesis to follow within the first series of tests was that one part of the signal stems from the separation of charges during crack growth and the second part is due to the subsequent charge relaxation. The combination of these two contributions will be referred to as base signal in the following. As a third part of the signal a small oscillation is superimposed. This oscillation is supposed to originate from the vibrations of the charged crack surfaces.
For the charge separation following the crack tip, the generated electrical field emitted would rise during crack growth due to cumulative charge separation, and then decline with a certain time constant. A corresponding theoretical model for the temporal characteristic of the electric field caused by cracking rocks was reported by Ivanov et al. in [41] .
A given charge distribution decays over time due to conduction currents. The charge relaxation time τ for a surface charge at the crack surface of a RTM6 specimen depends on the dielectric properties of RTM6 and the adjacent air. For RTM6 we measured σ = 6.67 · 10 −10 −1 cm −1 and ε r = 4.13. The charge relaxation time τ also depends on the geometry of the charged surface and the surrounding matter. Furthermore, the dielectric properties are a function of the temperature which is much higher at the crack tip than in the surrounding bulk. Therefore, τ is time and location dependent during the crack propagation process but constant afterwards. For an infinite, uniformly charged plane separating two half spaces of different materials the surface charge relaxation time is calculated by 1/τ = 1/2(1/τ 1 + 1/τ 2 ) with τ i = ε i /σ i . In this case the relaxation time for a surface charge between RTM6 and air is calculated to be τ ≈ 110 ms. This estimation only gives the order of magnitude for the actual time constant because the real crack surfaces are not infinite planes. Since the fracture process is much faster than the relaxation of charges the influence of the surface temperature is not considered in this estimation.
To evaluate the system response to source signals with different relaxation times we generated different signals as seen in Fig. 7 top. These test signals resemble a smoothed step function. All test signals exhibit the same rise characteristic but diminish with different time constants, with a smooth transition between these two parts. The signals were generated with a total length of 2 ms. The first signal does not decay (τ = ∞). The other signals decay with τ ≈ 600 and τ ≈ 200 µs, respectively. Regarding the estimated charge relaxation time of RTM6 the first signal is considered to represent the experimental conditions.
The according signals detected with our EME sensor are shown in Fig. 7 (bottom) . Only a fraction of such slowly To test the response of the measurement chain to higher frequencies an oscillation with a frequency of 80 kHz was used (Fig. 8a, (top) ). This oscillation is supposed to represent the signal that is generated by the vibration of the charged crack surfaces. Its rise and decay times would depend on the generation and relaxation of the charges and on the damping of the crack surface vibration. The envelope of this oscillation was chosen to increase within 100 µs and to subsequently decay to zero with a time constant of 100 µs. Figure  8a , (bottom) shows the response of the sensor system to the oscillation part only. For this part the rise and decay times and the frequency of the oscillation are measured unaltered. The polarities of the generated and the measured signals are reversed.
Combining base signal and oscillation part results in the test signal which is shown in Fig. 8b, (top) . A ratio of 1/200 for the maximum amplitudes of the two parts was chosen. The measured voltage signal of the complete test signal is shown in Fig. 8b (bottom) . The measured signal clearly shows the system response due to the rise in the base signal superimposed by the contributions of the 80 kHz oscillations.
In summary the results of the experiments with the test source clearly indicate that the present measurement chain cannot detect frequencies below 1 kHz. Furthermore, if faster oscillations are superimposed with the slower field change they are detected almost unchanged.
Flexure Test Results
When the applied load exceeds ultimate strength complete cracking of the specimen occurs. The failure of each specimen results in one EME and AE signal to interpret. These signals are composed of many separate signals that are emitted during the crack propagation and are temporally and spatially close sources and thus merge into one EME and AE signal each. The crack dynamics are influenced by the stresses in different zones of the specimen. In bending tests there are generally two major zones, the tension zone and the compression zone. Therefore, the crack process consists of many separate steps with different characteristics. An image of the fracture surface after propagation of the cracks through the specimens is shown in Fig. 9 . In this example the crack propagation starts at a point of high tension on the edge of the applied notch. Radial marks are visible which are parallel to the direction of crack propagation. Sliver like patterns indicate the region where crack branching took place and indicate an accelerating, unstable crack propagation. The upper half (compression zone) is mirror smooth with straight, horizontal rib marks (Wallner lines). This indicates smaller velocities and a propagation direction perpendicular to these lines. Since the crack surfaces are mostly smooth the crack area can be approximated by its height and width. The resulting crack surfaces are mostly parallel to the y-z-plane with a maximum deviation of 5 • . Figure 10 shows signals measured by the electromagnetic and the acoustic emission sensor for one representative Fig. 9 Microscopy image of the crack area of a RTM6 specimen with parameters of the crack dimension. The red arrows indicate the crack propagation starting at a point on the applied notch. Two different areas of crack propagation are visible. A rough area with almost radial marks starting at the crack origin and a smooth area with rib marks at the upper half of the crack surface specimen. The AE signal is influenced by the applied sensor as well as by the experimental setup. The acoustic emission sensor is attached to the fixture above the loading pin since the specimens are too small to directly attach the sensor on the specimen surface. Along the propagation path from crack to sensor the acoustic wave is influenced by damping and dispersion in the materials it propagates in and by reflection at the boundaries of the geometry.
According to the modelling results and our measurements with the test source the electromagnetic signals consist of several components which superimpose. The dominant part is a low frequency oscillation (as shown in Fig. 10a, top) . This part relates to the charge separation during crack propagation. Based on our experiments with the test source this part is the system response of our measurement chain to the first 20 µs of a non-linear field rise. Oscillations with higher frequencies and smaller amplitudes are superimposed to the base signal. These signals are assumed to be caused by the vibration of the crack surfaces during and after crack initiation and propagation. In comparison to the base signal the ratio of amplitudes of these oscillations may appear much greater than they actually are. Figure 11a shows the frequency spectrum of the exemplary EME signal. For comparison, an exemplary noise measurement is displayed as well. The frequencies of the base part of the signal range from 1 kHz to approximately 20 kHz. Two other components are noticeable. A sharp peak at 41.2 kHz and a broader peak with a centre frequency of 76 kHz. The waveforms of these components were filtered using a 40-42 kHz and a 65-85 kHz bandpass filter and are displayed in Fig. 11b and c. Both resemble periodic oscillations with a distinct rise and decay. These components are supposed to originate from crack wall vibrations.
When comparing the EME signals and the AE signals (Fig. 10 ) one has to take into account that the AE frequencies are influenced by the geometry of the specimen and the propagation path from the source to the acoustic sensor [8, 42] . Furthermore, only the propagation of the crack tip and the vibration of the crack surfaces contribute to the EME and the AE signal while the charge relaxation only contributes to the EME signal. When a 20-100 kHz bandpass filter is applied to the EME signals, most of the base part and the underlying noise is removed. The same filter applied to the AE signals partially removes spurious signals. However, the filtered EME and AE signals still differ in terms of frequency content, rise and decay time.
To characterize the present sensor system as well as the emitted field during crack initiation and propagation several flexure tests were performed. The distance d between the centre of the specimen and the EME sensor and the angle φ between the crack surface normal and the sensor plate normal were the varied parameters. To ensure statistical significance 6-8 specimens were tested for every point of measurement. The signals were individually analyzed by calculating the absolute energy using equation 7. Here Z M = 10 k is the input impedance of the applied measurement equipment.
The resulting energies were averaged to yield one data point. Although the specimens were prepared to be identical and were carefully placed and adjusted on the fixture, the EME and AE signals show a wide distribution in signal strength. This results in a high standard deviation of the calculated data, which is of the same order of magnitude for the EME and the AE signals. Thus, the cause for this high deviation is attributed to the complexity of the fracture process and not to the signal detection.
Influence of Detection Angle
While the sensor orientation was kept constant, the bend fixture was rotated orthonormal to the z direction. That way the angle between the crack surface normal and the sensor plate normal could be systematically changed. To investigate the influence of this angle on the EME signal strength the angle was varied between 0 • (parallel) and 90 • (perpendicular) in steps of 10 • . The distance d of the sensor (see Fig. 4 ) was kept constant at 14 mm. For the recorded EME signals the absolute energies were quantified. Also, a band pass filter of 20-100 kHz was applied to the signals. Thus the base part and most of the underlying noise were removed leaving only the oscillating part of the waves. For the filtered signals the energies were quantified as well. The results are shown in Fig. 12 .
A clear correlation between signal energy and detection angle is observable for both parts of the signals. While the The oscillating part of the signals is generated by the vibration of the crack surface. When this vibration is assumed to be perpendicular to the crack surface, i.e. has a strong directional orientation, an according angular dependence of the detected signals is expected. The behaviour measured seems to be more complex than one would expect for a simple dipole characteristic. For a point dipole the electric potential scales with cos(φ), so one could expect the detected energy to scale with cos 2 (φ) (as indicated in Fig. 12b ). The detected signal energies only partially fulfil this expectation. However, since the sensor is not point-like even for φ = 90 • the sensor is likely to detect some field components of other angles. This could account for the stronger detection of energies for small angles then one would expect for a dipole characteristic.
Since the position of the AE sensor relative to the fixture and the specimen was not altered during these tests, the detected acoustic signals only scatter within the limits of their standard deviation. The signal strengths are evaluated with an averaged absolute energy of 614 ± 466 pJ.
Influence of Sensor Distance
One advantage of the dimensions of the specimens is the ability to position the EME sensor close to the crack for every orientation under observation. When the distance between the source of the electric field and a detector is increased a decrease in measured signal strength is assumed due to geometric spreading. Additionally the spatial characteristics of an electrical field depend on the type of source and on the surrounding matter. For example, the presence of conductors near a field source affects the field distribution. To measure the distance sensitivity of our sensor system we performed measurements of the EME signals for different distances between sensor and source. The signals were detected for three different angles φ. For angles of 0 • , 45 • and90 • the distance of the sensing plate was varied ranging from the closest distance possible up to the distance where the signalto-noise ratio inhibts detection of the signal. The recorded signals and the filtered signals (20-100 kHz bandpass filter) were then analyzed in terms of the detected energy. In Fig.  13 the results for the calculated energies are displayed for the whole signals (a) and for the oscillating part of the signals (b).
As expected, the measured energy decreases with increasing source-sensor distance. This was observed for all three angles. As discussed in the previous subsection the different parts of the signals show a different angular dependence. The dependence on the distance appears to be almost the same for the base signal and the oscillating part. For both parts the signals are only detectable within a distance of a few millimetres. The characteristics of the plotted data show no intuitive dependence of distance d. This may be due to multiple influences which all depend on the position of the sensor. The main effect is expected to arise from the spatial characteristic of the electric field. The potential generated by a dipole decreases with a 1/d 2 dependence. This would result in a decrease with 1/d 4 for the measured energies. Such dependence on distance was not observed. Since the real charge distribution is unclear, multipole moments of different order may also appear during the fracture process exhibiting different kinds of distance dependencies. Furthermore, with an increase of d the distance between the capacitor plates also increases and thus the capacitance decreases. For a constant field strength, the smaller the capacitance gets the higher is the resultant voltage between the plates. Another effect which might be of larger relevance than the increase of capacitance with distance is the influence of other conducting parts of the experimental setup. Although the fixture was build from nonconducting materials some other elements inevitably consist of conducting materials. The most important one is the AE sensor which is positioned 25 mm above the specimen. Since all conductors near the source influence the voltage on the 
Modelling Results
In order to develop a EME source model, we incorporated the results from the tests with the artificial test source in the numerical simulations. For a time dependent charge distribution the potential at a fixed distance is proportional to the charge density. Thus, the temporal characteristic of the charge density used as model source was chosen to be proportional to the voltage which was generated by the arbitrary waveform generator for the test source experiments. Since the simulation model requires a current source as input the time derivative of the according experimentally applied test functions were used as the model source Q j (t) = ∂ t ρ(t). The utilized excitation function is shown in Fig. 14a . The corresponding surface charge density which resembles the test functions is shown in Fig. 14b and is composed of a rising part and an oscillation. The FEM model comprises the physics between the source and the sensor including the influences of the surrounding matter. The result of the simulation is the electric potential, averaged over the sensor surface, as a function of the source current (Fig. 15 ).
This calculated electric potential then is identical to the test signal (Fig. 8b, top ). The calculated signal was then convolved with the systems transfer function to include the influence of the measurement chain. An input surface charge density with a maximum of 1.663 pC/mm 2 resulted in a simulated signal matching the amplitude of the experimental test source signals as seen in Fig. 16 . This demonstrates that such charge distributions would result in EME signals that resemble the ones obtained during our fracture tests. Therefore, the proposed EME source description is suitable to describe the experimentally obtained signals. In particular, we found that for a fixed source-sensor distance the potential at the position of the sensor is directly proportional to the electric charges present at the crack surface. The modelling results also point out the substantial influence of the applied measurement chain on the detected EME signal.
Conclusion
It was shown that the electromagnetic radiation emitted from fracture of a brittle dielectric consists of three different parts. A low frequency part originating from the rise of a charge imbalance during crack initiation and propagation. Its characteristics are determined by the temporal development of the position of the crack tip. The subsequent charge relaxation is a function of the dielectric properties of the material under investigation but is not being detected by the present acquisition system due to bandwidth limitations. This signal is superimposed with oscillations of higher frequencies and smaller amplitudes. The frequencies are approximately in the same range as the frequencies of the acoustic signals. These oscillations are considered to originate from the crack wall vibrations.
The signal strength of the recorded EME signals are highly dependent on the source-sensor distance and the orientation between sensor and crack surface. EME signals are only detectable within a range of a few millimetres and the strongest signals are measured with the sensor plate being parallel to the fracture surface.
A basic model of a time dependent surface charge density was developed that results in calculated signals that are in agreement with the experimentally detected EME signals. The temporal characteristic of the charge density simulates the accumulation of charges at the crack surfaces due to a propagating crack and an oscillation with a much smaller amplitude which reflects the vibration of the charged crack surfaces.
Important insights into the generation and the acquisition of EME signals from fracture were gained. Further experiments and an enhanced model which incorporates the actual crack dynamics are envisaged in the near future and are supposed to improve the understanding of the underlying physical phenomena.
The suitability of EME testing as a valuable NDT method has been indicated and we are currently focusing on the necessary steps to develop this technique to a nondestructive testing method.
